The mechanical and electrical reliabilities of fine bumps with diameters and heights on the order of scores of microns were studied, considering the growth of the intermetallic compound (IMC) at the interface between a tin bump and a copper thin-film interconnection. It was found that an increase in the thickness of the IMC changed the stress and strain fields around the interface significantly, and thus, changed the fracture mode from a fatigue crack of the solder to a fatigue crack of the copper interconnection or to delamination between the IMC and the copper interconnection. This is because the mechanical properties of the grown IMC differ from those of copper and tin and that a large number of Kirkendall voids appeared around the interface. In addition, the resistance of the bumps increased dramatically with the increment of the IMC layer because of the growth of the Kirkendall voids. Therefore, it is very important to minimize the growth of the IMC in order to assure the reliability of the bump joint structures.
Introduction
Electronic products such as mobile phones and PCs have been miniaturized continuously and their functions have been improved drastically. In highly integrated electronic package systems, the number of I/O pins that connect an LSI chip with a printed-circuit board or another chip has been increasing significantly. The maximum number in one LSI chip will reach 10,000 in the near future. [1] To realize such high-density interconnection structures, an area-arrayed small-bump structure has been employed in multi-chip packages and modules. [1, 2] Both the diameter and the pitch of the bumps will be decreased from a few hundred microns to dozens of microns.
To maintain the low resistance of the miniaturized interconnection, the material of the thin film interconnection has been changed from aluminum alloy to electroplated copper. In addition, for environmental reasons, the material of the solder bump has been changed from conventiol lead-tin eutectic solder to lead-free solder that mainly consists of tin. As a result, IMCs such as Cu 6 Sn 5 and Cu 3 Sn easily grow at the interface between the copper interconnections and the lead-free solder bump. [3] [4] [5] [6] [7] Since both the mechanical and electrical properties of the IMC are quite different from those of tin and copper, the increase of the thickness of the IMC layer in the fine bump-interconnection joint structures may deteriorate the mechanical and electrical quality of the jointed structures.
For example, the increase of the thickness of the IMC layer in a bump-jointed structure with bumps on the order of dozens of microns in size may change the stress-strain field in the structure significantly. Since the amplitude of the local deformation of a silicon chip thinner than 100 μm is a strong function of the mechanical properties of the bump material, such a change of the joint structure should also alter both the electronic functions and the reliability of the jointed LSI chips. Though the life of the jointed struc-
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Transactions of The Japan Institute of Electronics Packaging Vol. 2, No. 1, 2009 ture has been dominated by the fatigue life of the solder bumps, the fracture mode of the jointed structure with a thick IMC layer may be changed to the fatigue life of the copper interconnection or to delamination between the grown IMC layer and the copper interconnection or remaining solder bump. In addition, the electrical resistance of the bump-jointed structure may increase with the increase of the thickness of the IMC layer because the electronic conductivity of the IMC is much lower than that of copper or tin.
In this paper, the mechanical and electrical reliabilities of bump-jointed structures, with bumps on the order of dozens of microns, are discussed experimentally and analytically. First, the fracture mode of the bump structure was estimated using a finite element analysis considering the measured mechanical properties of the grown IMC and electroplated copper and tin thin films. Then, the change of the electrical resistance of the bump-jointed structure was measured as a function of the thickness of the IMC newly grown between the electroplated copper thin film and the electroplated tin bump.
Test structures
200-μm square stacked tin and copper bumps were electroplated on thermally oxidized silicon wafers as shown in Fig. 1 . Thin Cr (100 nm) and Au (300 nm) films were deposited on the wafer by sputtering before electroplating. Electroplated copper thin films were grown on the sputtered gold thin film. The composition of the plating bath used for the electroplating was controlled by diluting 80 g of CuO powder and 186 g of H 2 SO 4 with 1000 ml of purified water.
When the tin layer was electroplated, a commercial solution (PF-077S, made by Ishihara Chemical Co., Ltd.) was used. In addition to the change of mechanical properties of the grown IMC layers, it was found that the mechanical properties of the annealed copper film also changed. Figure 8 shows an example of the measured change of the stress- 
Finite element analysis of the stress-strain filed in the bump jointed structure
In order to discuss the effect of the IMC growth on the 95 reliability of the bump-interconnection jointed structure, the change of the stress-strain filed in the joint structure was analyzed by a finite element method as shown in Fig.   9 . Since the maximum plastic strain in solder bumps is a strong function of chip size, the fatigue life of solder joints is discussed at the center bump in Fig. 9(a) . The chip size was fixed at 700 μm square. Both bump height and bump pitch were varied from 100 μm to 10 μm. The minimum element size was fixed at 0.5 μm. The total numbers of elements and nodes were about 30,000. 
Change of electrical resistance of the bump joint
Since the electronic conductivity of the IMC is lower than that of copper and tin, the increase of the thickness of the IMC layer should increase the electrical resistance of the bump-interconnection jointed structure. Thus, the change of the resistance was measured by controlling the annealing time of the stacked tin/copper bump structure.
A four-point proving method was applied to the measurement of the resistance of the bump structure. Figure12
shows the measured change of the bump structure as a function of the thickness of the IMC layer. It was found that the resistance of the bump increased monotonically with the increase of the thickness of the IMC layer, as was estimated. The increase ratio, however, was much larger than that estimated using the resistivity of the bulk IMC material. Since the estimated increase rate was about 3 μΩ/μm, the measured value was about a hundred times higher than the estimated value. It has been reported that the resistance of electroplated copper thin films was much higher than that of bulk copper. [12] This is because of the porous grains with porous grain boundaries of the electro- 
Conclusion
The mechanical and electrical reliabilities of fine bumps with diameters and heights on the order of dozens of microns was studied considering the growth of the intermetallic compound (IMC) at the interface between a tin bump and a copper thin-film interconnection. It was found that an increase of the thickness of the IMC changed the stress and strain fields around the interface significantly, and thus, changed the fracture mode from a fatigue crack of solder to a fatigue crack of the copper interconnection or to delamination between the IMC and the copper interconnection. This is due to the fact that the mechanical 
